The epithelial Na + channel (ENaC) contributes to control of blood pressure by reabsorbing Na + in the cortical collecting duct of the kidney. The luminal Cl − concentration in the duct varies under physiological conditions. As the body Na + content is lower, the luminal Cl − concentration in the duct becomes lower. Thus, we hypothesized that the extracellular Cl − elevates ENaC activity in AVT-stimulated renal epithelial A6 cells (a model cell line of the cortical collecting duct) leading to recovery from a low body Na + content. To clarify this point, we studied effects of extracellular Cl − concentration on ENaC activity using cell-attached patch clamp technique. We found that ENaC had a single-channel conductance of 4.6 ± 0.1 pS (mean ± SE) and channel activity (open probability, Po) of 0.30 ± 0.02 at a pipette potential of 60 mV. Lowering pipette Cl − concentration diminished Po to 0.23 ± 0.02 associated with a significant decrease in open time from 0.78 ± 0.03 to 0.61 ± 0.02 s with no significant change in closed time, and shifted the current-voltage relationship leftward. These results suggest that the extracellular Cl − regulates the ENaC-mediated Na + reabsorption by affecting ENaC properties in AVT-stimulated renal epithelial cells.
The epithelial sodium channel (ENaC) is expressed in the apical membrane of Na + -transporting epithelial cells such as collecting ducts of the kidney and alveolar epithelia of the lung. ENaC consists of three conserved subunits, α, β, and γ. Each subunit has two transmembrane-spanning domains (TM1 and TM2), a large extracellular domain between TM1 and TM2, and NH 2 and COOH termini within the cytoplasm (2) . ENaC is tightly regulated by hormones including aldosterone and antidiuretic hormone (arginine vasotocin; AVT) (5, 19) . It is well known that AVT stimulates Na + absorption by increasing the channel density of ENaC on the apical membrane of A6 cells, a model cell line of the cortical collecting duct of the kidney (11) . ENaC is also regulated by extracellular cations such as Na + , H + and divalent cations. For example, the extracellular Na + at a high concentration decreases ENaC activity through Na + self-inhibition, which serves as a negative feedback mechanism to regulate Na + transport (5, 22) . The extracellular H + modulates ENaC current and acidic pH increases ENaC current, whereas alkaline pH decreases the current (22) . Divalent cations including Zn 2+ and Ni 2+ alter ENaC activity by binding to the extracellular domain (3, 29) . Several findings suggest that the extracellular domain would be a sensor for changes in the extracellular ionic environments to modulate ENaC activity. ENaC plays a key role in control of blood pressure by reabsorbing Na + in the cortical collecting duct of the kidney. Body ionic conditions vary the luminal Cl − concentration in the cortical collect-measure activity (Po) of ENaC, we used pCLAMP 8 software (MDS inc.). The Po can be calculated from the single-channel record in a patch using the following equation (11) .
where T is the total recording time, i is the number of channels simultaneously opening, and t i is the time of i channels simultaneously opening, and N m is the maximum number of channels simultaneously opening. These values, T, i, t i , and N m , were measured during 5 min of single channel recording. The mean open time (t open ) of channels observed in a patch was calculated as follows (1) .
where n is the total number of transitions between any states during the total recording period (T), and the other parameters are the same as in Eq. 1. The mean closed time (t closed ) of channels observed in a patch was calculated as follows similar to the calculation of t-open.
All data shown in the present study are represented as means ± standard errors (SE). Where SE bars are not visible, they are smaller than the symbol. The Student's t-test was used for statistical analysis as appropriate and the P value < 0.05 was considered significant. To examine whether lowing extracellular Cl − concentration affects single ENaC current and activity, we employed the cell-attached patch-clamp technique. The cell-attached patches were formed on the apical membrane of epithelial A6 cells cultured on filters. In the cell-attached patch membrane under a condition with both pipette and bath normal solutions (normal condition), we obtained single channel currents (Fig. 1A) . Our previous report (12) indicates that application of 1 μM amiloride (a blocker of ENaC (4, 10) ) to the apical side via patch pipettes diminished these channel activities (Po) shown in Fig. 1A to 20% of the control without amiloride, suggesting that the single channel currents shown in Fig. 1A are ENaC currents. As shown in Fig. 1 , we observed single ENaC currents when the pipette voltage (Vp) was held between −60 and 80 mV (i.e., −Vp = −80~60 mV in Fig. 1A ). "−Vp" means the holding potential deviating duct (6) . For example, as the body Na + content becomes lower, more NaCl reabsorption occurs in the distal nephron resulting in lower luminal Cl − concentration in the cortical collecting duct. Thus, we hypothesized that lowering lumal Cl − concentration in the duct (extracellular Cl − concentration) elevates ENaC activity, increasing Na + absorption leading to recovery from low body Na + content. Therefore, in this study, we investigated the effect of extracellular Cl − on single ENaC current and open probability. A6 cells were purchased from American Type Culture Collection (Rockville, MD, U.S.A.). Passages 76-84 were used for experiments. No differences were discernible between cells from different passages. Cells were maintained in plastic tissue culture flasks at 27°C in a humidified incubator with 1% CO 2 in air in a culture medium, which contained 75% (volume / volume (v/v)) NCTC-109 medium (GIBCO, Grand Island, NY, U.S.A.), 15% (v/v) distilled water and 10% (v/v) fetal bovine serum (GIBCO) (17, 20, 23, 24) . The normal solution contained (in mM) 120 NaCl, 3.5 KCl, 1 CaCl 2 , 1 MgCl 2 , and 10 HEPES adjusted to pH 7.4 with NaOH.
The low Cl
− solution contained (in mM) 5 NaCl, 115 Na-gluconate, 3.5 K-gluconate, 2 1 / 2 Ca-gluconate, 2 1 / 2 Mg-gluconate, and 10 HEPES adjusted to pH 7.4 with NaOH (25, 26). Cells were subcultured on translucent porous Nunc filter inserts (Nunc Tissue Culture Inserts; Nunc, Roskilde, Denmark) for 14-16 days before experiments. Cells were pretreated with 100 nM arginine vasotocin (AVT) for 20 min before applying the single channel recording technique. Standard cell-attached patch-clamp technique was applied to a confluent monolayer of A6 cells (8, 11) . Patch pipettes were made from LG16 glass (Dagan Corporation, Minneapolis, MN, U.S.A.) and fired-polished to produce tip diameters of about 0.5 μm. The resistances of the pipettes were 3-5 MΩ filled with normal or low Cl − solution. The patch pipette was applied from the apical side. Then, we made a GΩ seal (> 100 GΩ) on the apical membrane of cells. Single channel currents were recorded at a sampling rate of 10 KHz with an Axopatch 1-D amplifier (MDS inc., Toronto, Ontario, Canada) with a low-pass 2 KHz 4 pole Bessel filter. Channel activity was measured in cell-attached patches. The experiments were performed at 23-25°C. Current signals were analyzed with a continuous-data acquisition program. A 100-Hz low-pass filter using software Gaussian filter was used to present the actual traces. Channel activity per patch was determined during 5 min recording period. To Cl − condition (Fig. 1C) , however the mean slope conductance of single channel under low Cl − condition between −80 mV and 20 mV (4.6 ± 0.1 pS, n = 5) was not significantly different from that under a normal condition. Figure 2 shows effects of lowering extracellular Cl − concentration on Po of ENaC during 3-5 min after forming cell-attached patches. Under a normal condition, Po of ENaC was kept at a stable value during recording periods. On the other hand, Po of ENaC under low Cl − condition was decreased with time and became stable about 3 min after forming cell-attached patches. Therefore, values of Po of ENaC between 3-5 min were used for statistical analysis. Po of ENaC under a low Cl − condition was significantly lower than that under normal condition ed from the resting membrane potential; namely, "−Vp = +20 mV" means that the patch membrane was held at 20 mV depolarized from the resting membrane potential. "−Vp = 0 mV" indicates that the patch membrane was held at the resting membrane potential, and "−Vp = −60 mV" means that the patch membrane was held at 60 mV hyperpolarized from the resting membrane potential. The mean slope conductance of single channel under a normal condition between −80 mV and 20 mV was 4.6 ± 0.1 pS (n = 5). On the other hand, under a condition with a low Cl − pipette solution and a normal bath solution (low Cl − condition), the single ENaC currents were significantly lower than those under a normal condition (Figs. 1A, B and C) . The currentvoltage relationship shifted to leftward under a low . Inward currents are shown as downward deflection. "c" and dashed lines represent the level of all channels being closed in a patch. Numbers marked besides current traces indicate an applied potential to the patch pipette (−Vp). "−Vp" means the holding potential deviated from the resting membrane potential; namely, "−Vp = +20 mV" means that the patch membrane was held at 20 mV depolarized from the resting membrane potential, "−Vp = 0 mV" indicates that the patch membrane was held at the resting membrane potential, and "−Vp = −60 mV" means that the patch membrane was held at 60 mV hyperpolarized from the resting membrane potential. Current-voltage relationships of single channels were obtained form cell-attached patches (C). n = 5-9 that a change in membrane potential could have been caused by modification of surface potential. Recently, Gu (7) has reported that lowering cytosolic Cl − concentration shifted a current-voltage relationship to rightward and increased ENaC Po in outside-out excised patches from mouse cortical collecting duct M1 cells. This report has also demonstrated that the shift of current-voltage relationship was no involvement of Cl − channel providing currents through the patch membrane, and has concluded that mechanism for the shift of current-voltage relationship would be due to an enigmatic membrane potential change. On the other hand, Worrell et al. (27) have reported that ENaC current-voltage relationship shifts to leftward by addition of eicosatetraynoic acid (ETYA, an unsaturated fatty acid) to an extracellular solution. Fatty acid metabolites may cause a change in effective membrane potential. These mechanisms are candidates causing leftward shift of the ENaC current-voltage relationship and decreasing ENaC Po. Our previous reports indicate that Cl − regulates various cell functions such as cell growth, cell volume regulation, and neurite elongation (13) (14) (15) (16) 18 − concentration on activity of ENaC (Po). Po was obtained at an applied potential of 60 mV to the patch pipette (−Vp = −60 mV) under normal and low Cl − conditions during 3-5 min after forming cell-attached patches. Normal condition, n = 9; low Cl − condition, n = 7; *P < 0.05.
( Fig. 2 ). In addition, there was no significant difference in the maximum numbers of channels simultaneously opening per patch between normal and low Cl − conditions, 4.4 ± 0.4 (n = 9) and 3.6 ± 0.6 (n = 7), respectively. These results suggest that the lowered value of Po of ENaC under a low Cl − condition is really due to low Po of ENaC, but not to changes in number of the channels recognized in the patch membrane, which could apparently affect the value of Po. We calculated the mean open and closed times of ENaC using Eq. (2) and Eq. (3) (Fig. 3) . The mean open time under a low Cl − condition was significantly lower than that under a normal condition (Fig. 3A) . On the other hand, the mean closed time had no significant difference between normal and low Cl − conditions (Fig. 3B) . These results suggest that a low value of Po of ENaC under a low Cl Po of ENaC is mildly voltage-dependent (4, 11, 12, 21) . Shift of resting membrane potential to a positive direction resulting from lowering extracellular Cl − concentration is likely to cause the decreasing of ENaC Po. In this case, one possibility is These mean open and closed times were calculated using Eq. (2) and Eq. (3) . Normal condition, n = 9; low Cl − condition, n = 7; ** P < 0.01.
onstrated that the chick acid-sensing ion channel 1, which is one of ENaC/degenerin superfamily, has a Cl − -binding pocket in extracellular domain (9) . The structural analysis has suggested that Cl − in the pocket might regulate the channel activity (i.e., Po) and/or the single channel current of ENaC/degenerin superfamily channels. In the present study, lowering extracellular Cl − decreased ENaC Po and single channel current. Thus, the present study would provide for the first time the functional evidence that ENaC has a Cl 
